Context: Acute decreases in strength have been associated with risky biomechanical strategies that might predispose one to injury. Whether acute changes in thigh muscle torque occur across the menstrual cycle remains equivocal.
 The influence of hormone changes on muscle strength across the menstrual cycle remains equivocal.  Interindividual variations in magnitude and timing of hormonal fluctuations necessitate serial serum hormone measurements to accurately determine menstrual cycle phase.  Maximal isometric thigh strength did not change from the early follicular to the early or midluteal phases of the menstrual cycle or during anovulatory cycles, as determined by serum hormone concentrations.  More work is needed to fully elucidate the relationships among cyclic hormone fluctuations, neuromuscular control, functional movement mechanics, and injury risk.
Female athletes are at greater risk for noncontact anterior cruciate ligament (ACL) injuries than are their male counterparts.1,2 Therefore, researchers have attempted to identify the factors underlying this phenomenon. Recently, authors3,4 of 2 expert consensus statements acknowledged hormonal influences as potential risk factors for female athletes. This acknowledgment was based on reviews of multiple studies5-7 in which a larger proportion of injuries was reported during the preovulatory phase than during the postovulatory phases. However, the mechanisms by which hormones might influence injury risk remain unknown. Although most researchers have focused on the hormonal influence on the ligament itself (eg, joint laxity), they know much less about potential hormonal effects on the surrounding musculature.
The thigh musculature plays a crucial role in dynamic knee joint stability by effectively controlling joint motion and protecting the passive joint structures from excessive externally applied loads. Fundamental to this protective response is the muscle's ability to produce sufficient torque in a timely fashion. Researchers8,9 have suggested that the relative weakness of the quadriceps and hamstrings in women compared with men might explain some of the sex differences observed in landing mechanics that are thought to contribute to lower extremity injury risk. Specific to the knee flexors and extensors, researchers have investigated the effects of both absolute thigh muscle strength and acute alterations in thigh muscle strength on lower extremity mechanics during sport-related tasks. When examining absolute differences in thigh muscle strength, researchers found that greater maximal isometric strength was a predictor of greater muscle energy absorption (women)10 and a weak (men) to moderate (women) predictor of lower quadriceps activation amplitude9 at the knee during the deceleration phase of a dropjump task. When examining the effects of strength training on jumping and landing performance, Hewett et al11 reported that increased hamstrings isokinetic torques after an intervention program resulted in lower impact forces during landing from a volleyball block jump, whereas Herman et al12 did not identify more desirable lower extremity mechanics during a stop-jump task after a training-induced increase in maximal voluntary isometric contraction (MVIC) strength of hip and knee muscles. Researchers examining acute reductions in strength have observed potentially injurious mechanics. After a fatigue-induced decrease in muscle function (measured with vertical-jump height), more shallow knee-flexion angles and greater anterior tibial shear forces were observed during a stop-jump task, indicating a decreased ability to absorb the forces of ground contact.13 Similarly, inhibition of the quadriceps' force-producing capability in response to an artificially induced knee effusion (as evidenced by a reduced kneeextension moment and lower activation amplitude than the control condition) resulted in participants performing a single-leg drop landing with a more extended knee position and greater vertical ground reaction forces.14 Collectively, these studies indicate that acute changes in muscle strength and function might induce functional alterations in landing strategies (eg, smaller knee-flexion angles, higher ground reaction forces) that, in turn, might increase the potential for injury.15 Although the magnitude of muscle strength needed to ensure proper lower extremity mechanics is not clear from these studies, women might operate closer to this threshold because absolute strength was a strong predictor of knee joint function in women compared with men during the same drop-jump task from a 45-cm height.9,10 Hence, understanding factors that might acutely alter thigh muscle strength is important because smaller strength alterations subsequently might affect dynamic knee stabilization in women more than in men.
Given recent findings16-18 that human skeletal muscle expresses receptors for estrogen and testosterone, hormones might interact with the muscle in a way that could acutely affect its forceproducing capability across the menstrual cycle. The early theory that hormones play a role in muscle strength was largely based on anecdotal evidence from women who reported a sense of decreased strength and athletic performance during the days immediately before and after menses.19 More recently, the chronic effects of hormone concentrations on strength have been documented with the findings that administering estrogen and/or progesterone hormonereplacement therapy can ameliorate the large decrease in isometric thigh20 and hand21 strength that most women experience after menopause, when hormone levels decrease dramatically. Although these findings indicate that estrogen, with or without progesterone, exerts positive effects on muscle strength, the acute effect on muscle strength of normal cyclic variations in hormone concentrations across the menstrual cycle remains equivocal. In part, the inconsistency in findings across studies might be a result of varying methods for determining the menstrual cycle phase (and thus the hormone environment) during which testing occurred. Most commonly, particular days of the menstrual cycle have been chosen in an attempt to isolate the effects of estrogen and progesterone based on known hormone fluctuations. These chosen times are based on the days of a typical 28-day menstrual cycle when both hormones generally are thought to be at their nadirs (days of menses/early follicular phase), when estradiol peaks immediately before ovulation (periovulatory), and after progesterone is produced by the corpus luteum and peaks rapidly, along with a second smaller peak in estrogen (midluteal [ML] phase).29 Most commonly, these cycle phases are determined by counting days forward from menses22-24,26,30 and, at times, by using a positive urinary ovulation test to detect the LH surge to more accurately identify the time of impending ovulation.26,28 However, research29,31 has shown considerable variability among women in terms of the timing and magnitude of these hormone concentration changes. Thus, testing all participants on a predetermined day of the cycle might not adequately capture a common hormonal environment in all women. Moreover, although some investigators have documented hormone concentrations on the day of testing to confirm that an individual is within an expected range for the intended testing phase,22,25,26 it is difficult to determine from this single-day measurement whether hormone levels are rising, peaking, or falling.4 Hence, a more precise characterization of cycle phase might clarify further whether a particular hormone environment leads to acute changes in muscle strength.
Therefore, the purpose of our study was to compare MVIC torque of the knee flexors and extensors at known times of the menstrual cycle when estrogen and progesterone are at their nadirs (early follicular phase) and after either an unopposed rise in estradiol levels (early luteal [EL] phase) or substantial rises in both estradiol and progesterone (ML phase), as confirmed by serum hormone concentrations. Based on the literature in which researchers generally observed greater strength in postovulatory than in preovulatory phases of the cycle, we expected to observe increases in MVIC torques from the early follicular to the EL and ML phases of the menstrual cycle and to observe the greatest increase with testing in the EL phase shortly after the estradiol peak at ovulation. Although research is conflicting on the relationship between MVIC strength and functional performance32 and although MVIC strength has not been linked specifically to ACL injury risk, we believed it was important to first assess isometric contractions as a measure of muscle strength so that we could best isolate the basic forceproducing capability of each muscle group while minimizing the potentially confounding effects of larger amounts of antagonist activity33 often observed with higher-speed isokinetic contractions.34
METHODS

Participants
Participants included all 74 women who participated in a larger study in which we investigated the effect of hormone-mediated changes in knee laxity and their effects on knee joint neuromechanics. Participants were included in the larger study if they were between 18 and 30 years of age, had a body mass index (weight/height2) equal to or less than 30, had been recreationally active (self-reported that they engaged in mild-intensity, moderate-intensity, or high-intensity physical activity for at least 2.5 h/wk but not more than 10 h/wk) for the 3 months before the study, reported consistent menstrual cycles lasting 26 to 32 days, and had not used exogenous hormones for the 6 months before the study, had never been pregnant, were nonsmokers, and had no history of ligament or cartilage injury to the knee. All participants provided informed consent, and the university's Institutional Review Board for the Protection of Human Subjects approved the study.
Data Collection
As part of the larger study, isometric strength and hormone data were obtained for each woman at 2 predetermined times during her menstrual cycle: a day during the first 6 days of menses (onset based on self-reported data), when hormones were at their nadirs, and a day during the first 8 days of the luteal phase (onset based on evidence of ovulation). These times were based on the aims of the larger study and coincided with the 2 days of the cycle during which the participant's knee laxity was at the minimum (first 6 days of menses) and maximum (first 8 days of luteal phase). To determine these 2 measurement times, participants were measured daily over 2 consecutive months with regard to their laxity and serum hormone concentrations. This provided the unique opportunity to examine strength changes at 2 times in the cycle (early follicular, postovulatory) based on a more accurate characterization of hormone concentrations that surrounded these times. We describe the procedures for obtaining the serum samples and isometric strength measurements used in this study and for categorizing the hormone environment at the time of testing.
Tracking Phase. For 2 months before strength assessment, serum was obtained on 6 consecutive mornings after the onset of menstrual bleeding (early follicular phase) and for 8 consecutive mornings after a positive home ovulation test (CVS One
Step Ovulation Predictor; CVS Corporation, Woonsocket, RI) (luteal phase). Morning testing sessions typically took place between 6:30 am and 9:00 am to control for diurnal hormonal fluctuations. During each data collection session, serum was collected from a vein in the antecubital region of the arm in a 10-mL red-top Vacutainer tube (BD Vacutainer; BD, Franklin Lakes, NJ) using standard venipuncture techniques. Samples were allowed to clot at room temperature for 15 minutes before being centrifuged at 2500 rpm at 5°C for 15 minutes. The serum was pipetted into 3 separate 1-mL aliquots and frozen at −80°C until transported and assayed at the Ligand Assay and Analysis Core Laboratory (Center for Research in Reproduction, University of Virginia, Charlottesville, VA). Estradiol concentration was analyzed with a double-antibody radioimmunoassay (DSL-4400; Beckman Coulter, Webster, TX), and progesterone and testosterone concentrations were analyzed using Coat-A-Count radioimmunoassay (TKPG-2 and TKTT-2; Siemens Medical Solutions Diagnostics, Los Angeles, CA). The detection sensitivity (mean intra-assay and interassay coefficients of variation) were 10 pg/mL (5.2% and 10.6%) for estradiol, 0.1 ng/mL (4.1% and 6.4%) for progesterone, and 10 ng/dL (3.4% and 8.1%) for testosterone.
Maximal Voluntary Isometric Contraction Testing.
After the 2 tracking months, each participant reported to the laboratory on 1 predetermined day during the early follicular block of days and on 1 day during the luteal block of days. Serum hormone concentrations were obtained in the morning hours using methods consistent with the tracking months. For each test day (menses and luteal), each participant performed knee-extensor and knee-flexor MVICs with the dominant leg (designated as the stance leg when kicking a ball). To control for possible diurnal fluctuations in hormone concentrations35 and muscle strength,36 the luteal test session was performed within 1 hour of the time at which the early follicular test session occurred. Participants also were instructed to refrain from physical activity that would cause undue muscle soreness or fatigue during the 48 hours preceding each testing session. Participants were familiarized with the MVIC task approximately 2 weeks before the first testing session.
Before strength assessment, participants performed a 5-minute warm-up on a standard cycle ergometer before being positioned in the Biodex System 3 isokinetic dynamometer (Biodex Medical Systems Inc, Shirley, NY). Participants were positioned using standard protocol, and straps were used to secure the chest, hips, thigh, and distal shank (2 fingers' breadth proximal to the calcaneal insertion of the Achilles tendon); the lateral femoral epicondyle was aligned with the dynamometer axis of rotation. Knee position was fixed in 20° of flexion. Participants then performed practice trials at 25%, 50%, 75%, and 100% of perceived maximal effort before performing three 3-second MVICs of the knee extensors with a 30-second rest period between trials. This procedure was repeated for the knee flexors. The investigators provided strong verbal encouragement during each trial to maximize consistent effort across trials. Each participant's peak knee-flexor and knee-extensor torques (Nm) across the 3 trials were recorded and normalized to body mass (kg) for analysis.
Data Reduction Serum estradiol and progesterone concentrations from the 2 tracking months were used to create an individual hormone profile for each participant (Figure) . To place each participant's luteal test day in the appropriate phase (hormone environment), the hormone concentrations from the luteal test day and the day of testing after ovulation (ie, number of days from the day when a positive ovulation test was identified) were compared with the individual's profiles, obtained during the 2 tracking months. Participants then were placed into 1 of 3 groups based on their luteal test-day hormone concentrations. Participants who were tested within the first 3 days of their initial progesterone rise (2 ng/mL threshold)37 were classified as being tested during the EL phase; participants who were tested near or at their progesterone peak were classified as being tested during the ML phase. If the participant's progesterone concentration did not rise above 3 ng/mL during the luteal test date, as expected based on the hormone patterns of the 2 tracking months, the participant was classified as being tested during an anovulatory cycle (AN). 37 If the participant's phase could not be determined (ie, her hormone concentrations during the 2 tracking months were inconsistent with the day and values obtained in the strength testing month), she was excluded from the analysis.
Figure. data from 1 participant shows the hormone concentrations obtained during the menses and luteal days over 2 cycles during the tracking months: A, cycle 1 and B, cycle 2. Participantspecific hormone profiles were used to determine group assignment based on the hormone profile of the participant's luteal phase test date.
Data Analysis
We used separate 3 × 2 analyses of variance (ANOVAs) with repeated measures on group (EL, ML, AN) and test phase (menses, luteal) to compare menses and luteal hormone concentrations across the 3 groups for estradiol, testosterone, and progesterone. We used a 3 × 2 × 2 ANOVA with repeated measures on group, test phase, and muscle group (quadriceps, hamstrings) to examine mean differences in knee-flexor and knee-extensor torques from the menses to luteal test sessions between groups. Group main effects and interactions were examined further using pairwise comparisons with Bonferroni corrections. To further explore potential relationships between changes in sex hormone concentrations and changes in thigh MVIC torque between the menses and luteal test sessions, we used separate stepwise multiple regressions to examine the extent to which the nadir hormone concentrations measured at the menses test date (estradiol, progesterone, testosterone) and absolute change in hormone concentrations from the menses to luteal test dates (Δ = luteal − menses) predicted individual changes in knee-extensor and kneeflexor MVIC torques from the menses to luteal test date (Δ = luteal − menses). All analyses were performed with SPSS software (version 15.0; SPSS Inc, Chicago, IL). The α level was set a priori at .05.
RESULTS
Of the 74 women who participated in the study, 2 women were excluded because they did not complete the luteal test date, and 1 woman was excluded because we could not determine the hormone environment of the luteal test date based on the hormones obtained during the 2-month tracking phase. Of the remaining 71 participants, the luteal test day occurred in the EL phase for 29 participants (age = 21.5 ± 2.7 years, height = 164.9 ± 7.2 cm, mass = 61.7 ± 9.3 kg) and in the ML phase for 32 participants (age = 21.2 ± 2.4 years, height = 164.0 ± 6.6 cm, mass = 60.8 ± 9.1 kg). Ten participants were tested during AN cycles (age = 22.3 ± 3.0 years, height = 163.6 ± 5.1 cm, mass = 61.9 ± 8.2 kg). Table 1 provides the sex hormone concentrations and the quadriceps and hamstrings isometric torques by group and test phase. We identified group-bytest phase interactions for estradiol (F 2,68 = 7.3, P = .001), progesterone (F 2,68 = 59.9, P < .001), and testosterone (F 2,68 = 3.6, P = .03) concentrations. Post hoc analyses revealed that hormone concentrations were similar among the 3 groups at the menses test phase but differed at the luteal test phase; estradiol concentrations were greater in the EL (P = .002) and ML (P = .02) groups than in the AN group, progesterone concentrations were greater in the EL (P = .04) and ML (P < .001) groups than in the AN group, and testosterone concentrations were greater in the EL than in the ML group (P = .01). When examining thigh MVIC torque differences among groups and test sessions, the repeated-measures ANOVA revealed no differences in muscle torque by test phase (F 1,68 = 1.17, P = .28), test phase by group (F 2,68 = 0.31,P = .74), test phase by muscle (F 1,68 = 0.01, P = .92), or muscle by group (F 2,68 = 2.33, P = .11). As expected, participants produced greater quadriceps MVIC torque than hamstrings MVIC torque (F 1,68 = 186.2, P < .001), and this muscle group difference was consistent across groups (P = .11). Table 2 lists the means, SDs, and ranges for individual Δ values for changes in sex hormone concentrations and quadriceps and hamstrings MVIC torques from menses to luteal test dates. Table 3 lists the Pearson r correlations between menses level and Δ hormone concentrations with the Δ quadriceps and hamstrings MVIC torques. Although relatively large individual changes in sex hormone concentrations and quadriceps and hamstrings torques were observed across the 2 test sessions, multiple linear regressions further confirmed the findings of the ANOVA results, revealing no relationship between the absolute level and magnitude of change in an individual's sex hormone concentrations and the change in quadriceps (R 2 = 0.071, P = .56) or hamstrings (R 2 = 0.075, P = .53) MVIC torques. 
DISCUSSION
Based on previous findings23,28 that women produce larger torque values from midcycle and beyond, we hypothesized that thigh MVIC torques would be lower when hormone concentrations were at their nadirs during the early follicular phase than during the latter part of the cycle. To improve on previous methods and better capture the hormone environments in which participants' MVIC torques were tested postovulation, we tracked serum hormone concentrations for 2 months before testing. Because we tracked each participant's hormone concentrations for 2 months around times when we expected hormones to be at their nadirs (menses) and at substantially higher levels (luteal), we could create individual hormone profiles for each participant and more accurately determine whether we tested each participant shortly after the estradiol peak (EL phase), after exposure to both estradiol and progesterone (ML phase), or with little to no rise in sex hormone concentration levels (AN cycle). Our primary findings revealed no changes in thigh MVIC torques of the knee extensors and flexors from the early follicular to luteal phases of the menstrual cycle, regardless of whether participants were tested in the EL, ML, or AN cycles.
Although the practicality of tracking daily hormone concentrations for 2 months is not always realistic, we believe that this design provided an opportunity to more accurately document hormone characteristics and to build on previous findings. Our findings are consistent with findings of most previous studies,22,25,26 in which researchers reported no differences in thigh MVIC torques between cycle phases. In one of the most comprehensive studies, Janse de Jonge et al22 measured isometric strength and contractility (with superimposed electric stimulation to ensure maximal contraction) and isokinetic strength and fatigability of the quadriceps in 19 normally menstruating women during 3 phases of the menstrual cycle when estrogen and progesterone were in different combinations: menstrual (days 1-3; low estrogen-low progesterone), late follicular (high estrogen-low progesterone), and luteal (high estrogen-high progesterone). They determined cycle phase with BBT, which was measured orally each morning, whereby nadir BBT identifies the late follicular phase 1 to 2 days before the LH surge and is followed by a 0.5°F to 1.0°F (0.28°C-0.56°C) increase after ovulation.38 Cycle phase then was confirmed with single-day serum hormone measurements on the day of strength testing. Janse de Jonge et al22 observed no differences in their measures between cycle phases, and their analysis did not reveal correlations between serum estradiol or progesterone and any of the muscle measurements.
Conversely, our findings do not agree with those of Sarwar et al23 and Bambaeichi et al,28 who observed higher thigh torque at midcycle (days 12-18) and after evidence of an LH surge, respectively. A strength of both studies is that the authors used a superimposed twitch during the MVIC, which ensured that participants were able to fully activate their thigh muscles during each phase of the cycle; this was consistent with measurements obtained by Janse de Jonge et al. 22 However, several fundamental differences between these studies and ours and that of Janse de Jonge et al22 might explain the disparate findings. First, in both studies, the investigators examined a relatively small sample size of normal, sedentary, menstruating women (828 and 1023 women, respectively). Because researchers39 have suggested that active women might have lower estradiol levels than sedentary women, the acute effects of estradiol exposure might not be as pronounced in physically active women and, therefore, might explain the lack of strength changes in physically active women. Second, in both studies, the investigators determined cycle phase based primarily on day of the cycle and did not obtain actual hormone levels to confirm cycle phase. In part, our data showed the variability in the days of the cycle during which particular hormone events occur. For example, the mean test day that captured hormone concentrations consistent with the EL phase was 18.1, but this day ranged from day 10 to day 24, and the mean test day that measured ML events was 19.5, although this day ranged from day 15 to day 28. Given the large variability in the timing and magnitude of hormone concentrations among individual women in our study and those previously observed,31 directly relating the findings to the assumed hormone events is difficult. Of interest, the strength changes reported by Bambaeichi et al28 were inconsistent because maximal isometric strength of the knee extensors did not change across the cycle, but maximal isometric strength of the knee flexors did. One would suspect that if hormone changes were responsible for strength changes, both muscle groups would have demonstrated changes.
An additional strength of our study was that we included participants who were tested during AN cycles. Because we had individual profiles from the 2 tracking months, we could identify those participants who did not experience a rise in their progesterone levels, indicating an AN cycle. These AN cycles were further substantiated by much lower estradiol levels. In our study, 20% of the participants experienced at least 1 AN cycle over the course of 3 consecutive months. This is consistent with the findings of Janse de Jonge et al,22 who reported that 4 of 19 participants (whom they excluded from their study) did not exceed a progesterone threshold required to confirm ovulation. Spontaneous AN cycles are common in recreationally active athletes despite a eumenorrheic cycle, during which the menstrual periods occur regularly,40 and these participants do not experience a dramatically different hormone profile in the luteal phase, compared with menses. Although AN cycles traditionally have been excluded from analysis because the altered hormone levels potentially can confound results, we analyzed this group separately to gain a better understanding of how deviations (or lack thereof) in hormone profiles can affect the force-producing capability of the thigh muscles across the cycle.4 Our findings that thigh MVIC torque changes between menses and luteal test dates did not differ by groups who had different luteal phase hormone concentrations provide stronger evidence that acute hormone fluctuations have little effect on the force-producing capability of the muscle.
We noted no acute changes in knee-extensor or knee-flexor isometric strength during the early follicular to EL and ML phases of the menstrual cycle. However, our data were limited to a single test during the first 6 days postmenses and a single test representing either EL or ML hormone events. Because our luteal-phase MVIC strength measures always were obtained 1 or more days postovulation, we rarely captured the estradiol peak that typically occurs just before ovulation. As such, we cannot rule out more immediate acute effects of an unopposed rise or peak in estrogen concentrations on muscle strength. Furthermore, the lack of correlation between changes in hormone concentrations and changes in isometric thigh torques observed by Janse de Jonge et al22 and us might be due to a delayed effect related to when hormones change and when thigh-strength changes occur.41 Unfortunately, the limited times we examined did not allow us to perform the type of analyses necessary to examine these potential time delays. In the future, researchers should extend these findings to examine more time periods across a woman's cycle, including a more comprehensive assessment around periovulatory events, when hormone concentrations are changing rapidly.
In addition, these data were limited to the measurement of absolute torque production during an MVIC, which is not fully representative of the dynamic muscle actions that occur during sport activity. As stated, we purposely examined an isometric contraction in an effort to isolate the force-producing ability of the muscle from the other components of neuromuscular control. Although we believed this was an important first step, we readily acknowledge that a static contraction is not adequately reflective of the complex interaction of neural activation strategies (both planned and unplanned) and intrinsic muscle properties (eg, musculotendinous stiffness, electromechanical delay) inherent in dynamic tasks when injuries actually occur. Although MVIC strength might shed some light on dynamic movement, only low to moderate correlations have been reported between MVICs of the quadriceps and squat jump32,42 and countermovement jump in trained male athletes32,42 and between greater MVIC thigh strength and greater muscular energy absorption during a drop-jump landing in women.10 Hence, although our findings revealed no acute changes in isometric torque production across the cycle, we cannot rule out possible hormone effects on other aspects of neuromuscular control that contribute to dynamic movement. Clearly, more work is needed to fully elucidate the relationships among cyclic hormone effects, neuromuscular control, functional movement mechanics, and injury risk. To advance these findings, valid methods of determining cycle phase based on actual hormone concentrations in the days surrounding the test date are critical.
